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Low-lying magnetic excitations in NkAl and their suppression by a magnetic field
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Results of high-resolution magnetizativi) measurements performed on well-characterized polycrystalline
NizAl sample over wide ranges of temperature and external magnetic field are presented and discussed in the
light of existing theoretical models. Contrary to the earlier claims that either Stoner single-particle excitations
or nonpropagating spin fluctuations solely determine the temperature dependence of spontaneous magnetiza-
tion M(T,0), at low temperatures, we find that propagating transverse spin-density fluctuaponsvaves
almost entirely account for the thermal demagnetization of Bdtfir,0) and “in-field” magnetization
M(T,H), at temperature$§<0.28T (T=Curie poin}. The spin-wave stiffness possesses a field-independent
value of 69.6(14) meV & which conforms well with those determined earlier from small-angle and inelastic
neutron-scattering experiments. In the temperature rang@ §32<0.92T, enhanced nonpropagating spin-
density fluctuationgSPF give a contribution taM(T,0) andM(T,H) that completely overshadows the one
arising from spin waves. In accordance with the predictions of a modified spin-fluctuation theory, proposed by
the authors recently, the thermally excited SF's get strongly suppressed by magnetit fiblite the zero-
point SF’s are relatively insensitive td. [S0163-1829)01142-X]

[. INTRODUCTION electron magnetic systems has been recogfied a long
time now, no indication for such excitations in A has
Out of the intermetallic compounds that exhibit weak been found to date from magnetization measurements.
itinerant-electron ferromagnetism, ordefedbicL 1, crystal The spin-fluctuationSFH theories(henceforth referred to
structuré NizAl has captured maximum experimental andas conventional SF theorjeproposed hitherto are, to some
theoretical attention during the past three decades, and ygktent, limited in scope in that they are unable to clarify the
certain aspects of magnetism in this compound have eludedrgle of zero-point(quantum spin fluctuations and fail to
complete understanding so far. One such aspect pertains Yé£!d an expression which quantifies the suppression of local
the nature of low-lying magnetic excitations. Magnetic prop-SPin-density fluctuations by external magnetic fiéld,;.
erties of NiAl have been extensively studied! and the Obviously, the theoret|c_al limitations Qf thl_s kind se_r_lously
results discussed in the light of either hamper the understanding of magnetism in weak itinerant-

Stoner-Wohlfarth81213 model or the spin fluctuation electron (WI) ferromagnets such as Mil. Recently, Kaul
model®2 0n the one hand. de Boer and co-workdd and co-worker¥"?® have addressed these deficiencies of the

claim that the temperature dependence of spontaneous macqnventionfal SF theories from the .theoretical point of view
netization M(T,0) in the temperature interval TTa=T Whd reme@ed them by a self—con3|stent treatment of th_e SF
! . - lemp ooeT model, which makes use of the Ginzburg-Landau formalism.
=0.75T¢ (Tc= Curie poin} is very well described by the 5| and co-worker@ 2 have explicitly calculated the zero-
expressmnM(T,O%TSM(C_),O)— aT® yielded by the Stoner- int (zP) and thermally excitedTE) contributions to spin
Wohlfarth modef***which holds the Stoner single-particle fiyctuations in WI ferromagnets in the presence and absence
spin-flip excitations solely responsible for the thermal de-of H_ , and the resultgbriefly summarized in the next sec-
magnetization oM(T,0). On the other hand, Sasakura, Su-tion; the details are given in Ref. 2lemonstrate the follow-
zuki, and Masud& assert tha (T,0) follows the relations ing. ZP spin fluctuation§) have a major share in renormal-
M2(T,00=M?(0,0)—a’T? and M?(T,0)=a"(T&-T*3), izing the Landau coefficients of the Stoner-Wohlfarth theory,
predicted by the spin-fluctuaticq®F) model**-2tin the tem- (i) are relatively insensitive tél .y, and iii) make an ap-
perature ranges OTE<T=<0.4T; and 0.4T-<T=<T., re- preciable contribution to the temperature dependence of
spectively. According to the SF model, nonpropagating thermagnetization. By contrast, TE collective electron-hole pair
mally excited longitudinal and transverse spin-densityexcitations almost entirely account for the dependences of
fluctuations completely account for the decline of spontanemagnetization on temperature and field, and get strongly sup-
ous magnetization with increasing temperature. In conflicpressed byH,,,. In addition, this theoretical approact®
with both the above-mentioned observations concerning théor the first time, yields an analytical expression for the sup-
actual functional form of M(T,0), small-angle pression of TE spin fluctuations by magnetic field for tem-
neutron-scatterif§ (SANS) and inelastic neutron- peratures just outside the critical region but below the Curie
scattering® (INS) experiments provide direct evidence for point Tc.
well-defined spin-wave excitatiorise., for propagating ther- Extensive high-resolution bulk magnetization measure-
mally excited transverse spin-density fluctuatjoims NisAl ments were undertaken on well-characterizegANsample
at temperatures in the range Ug=T=<0.8T-. Though the with a view to resolve the controversy surrounding the nature
existence of spin waves at low temperatures in itinerantof low-lying magnetic excitations and to test the validity of
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the theoretical predictions mentioned above. An elaborateoefficient of the gradient term in the GL expansion, and the
analysis of the magnetizatidvi (T,H) data reveals that the quantity y, depend¥ on the shape of the density-of-states
thermal demagnetization d¥(T,H) is primarily due to (DOS) curve near Fermi levet; . According to Eq(1), spin
spin-wave excitations at low temperatures (@Q@&T  fluctuations are made up of two components, the zero-point
=0.28T¢) and enhanced local spin-density fluctuations overspin fluctuationg mﬁ)zp, and the thermally excite@E) spin

a wide range of temperatures 0I32<T=<0.92T¢. Spin- fluctuations(m?)"E, represented in Ed1) by the factors 1/2
wave stiffnessD is independent oH,,; and possesses a andn(w), respectively. Zero-point spin fluctuations can be
value that is in excellent agreement with those determinegurther split into two parts: quantum fluctuationsTat 0 K,
previously*?>from SANS and INS measurements. In accor-(m2)2P and the temperature induced changes in quantum
dance with the theoretical predictioffs;® thermally excited  gpin fluctuations at finite temperaturgs:0,(m2)2” (the so-
spin fluctuations are found to be far more sensitive to maggg)jed quantum dynamitsThermally excited spin fluctua-
qetic field than zero-point spin _quctuations and the observegyns too are of two types: dampédonpropagatinglongi-

field dependence oM(T,H) in the temperature range yginal (|) and transversel() spin fluctuations(SP and

0.5Tc=T=0.92T is reproduced in facsimile by the analyti- ,ndampedpropagating transverse spin fluctuations or spin
cal expression yielded by the theory. Moreover, the presenf,ayes(sw).

work permits an unambiguous assessment of the relative im- g t5r as the zP spin fluctuations are concerned, Egs.
portance of thermally excited and zero-point components 0{1)_(7) yield the final resuf®
spin fluctuations in a weak itinerant-electron ferromagnet.

hy,
Il. THEORETICAL CONSIDERATIONS (m2)?P= 22m)° )3[Q<Z:P(T,H)]2 [q&"(T,H)]7[a}In(1
o

In this section, a brief outline of theself-consistent
calculatiorf® of spin fluctuat|ons.|n weak.|t|nerant-<.electron +a;2)+ In(1+a§)]—
ferromagnets based on the version of spin-fluctuation theory c,x.,(0)
that makes use of the Ginzburg-Land@&L) formalism is ®)
given. The results of this calculation put most of our obser-
vations on a consistent theoretical footing, as will be showrwith
to be the case in a later section.

The thermal variances of the local magnetizatiarsmall VE
slowly varying classicalorder parametgmarallel Q|),<mﬁ>, a,= ZPT H) 12’ ©

. 2 L c,v,la: (T,H)]
and perpendicular.(),({mf), to the average magnetization
M are related to the imaginary part of the dynamic wave-Where vg is the Fermi velocity andQéPEQcZ:P(T'H)
vector-dependent  susceptibility,  fWd,w), where ~%o(0H)+dc(T,H) is the Zptemperature- and field-
»(=|,L) is the polarization index, through the well-known dependent cutoff wave vectagc™ approaches a very small
fluctuation-dissipation relatidfi222728 but finite valueqy asT— 0 K. The above expression, E®),
for (m2)?" is valid in the entire temperature range extending

[a,tan (2, )]

5 d36 dw 1 . fromT=0 K to temperatures well abovi- . By contrast, a
(my>=4hf 23] 27 n(w)+5]Imx,(q,@) (1)  similar expression for the thermally excited component of
(27) spin fluctuationgm?)TE, that holds for temperatures in the
with range OsT=<T., cannot be obtained from Eq$l)—(7)
L since Eq.1) is not amenable to analytical solution primarily
N(w)=[expfio/kgT)—1]", (20 because different types of TE spin fluctuations dominate in
R different temperature ranges.
. - I'y(a) At low temperatures, the main contribution {on?)TE
Imx,(0, @)= wx,(q) w2+1~2(a)’ 3 arises from long-wavelengthg&qsyy) low-frequency spin
v waves. Such a contribution is obtained from E). by in-
2 serting the following expressidh for ImXV(G,w) in this
XV(&):XV(a,w:o):XV(o)Z_”Z, (4) equation, and then evaluating the integrals:
KV
- a > > >
- - Im W)= = o(w— +6(w+
(10)
U (A—0)— 2y-1 ~
X(0)=x,(a=0)=(C,x3) ©  \with the spin wave propagation frequeneyq) given by*®

wheren(w) is the Bose function]’,(q) is the relaxation  where the effective fielH is the external magnetic field
frequency of a spontaneous spin fluctuation of wave vegtor H,,, corrected for demagnetizing field4.,, and other an-
and polarizationy, x,(0) is the field- and temperature- isotropy fields H,, i.e., H=Hqu Hgemt Ha=Hext
dependent susceptibilitii.e., x,(0)=x,(T,H)], c, is the  —4aNM(T,Hq)+Ha, Nis the demagnetizing factog, is
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the Landesplitting factor, andD$"(T,H)=gugM(T,H)c, 1 fiy,c,\ 23

is the spin-wave stiffness. Equati¢h), when combined with X= 3¢,x,(0) ( kaT ) 17
Egs.(10) and(11), gives ultimately the spin-wave contribu- ey

tion as The variations of magnetization with temperature and

field are obtained in a self-consistent fashion by inserting the
expressions form?)=(m2)?P+(m?)TE valid in different
temperature ranges into the following expressiowhich is
nothing but the Stoner magnetic equation of StNHES)
for H=0, modified to account for long-wavelength and low-energy
spin fluctuations of small fluctuation amplitudes, i.e., in

kBT 32

2\IE— r(3/2 M(T,0)| ————
(M7 sw=¢(3/1gusM( )477DfW(T,O)

KT 32
=Z(3/2t4)gugM(T,H)

=a(T)+b[(3(mf)+2(m’)) +M*(T,H)]

47D3WT,H) M(T,H)
(18)
for H#0. (12) with
In Eg. (12, the Bose-Einstein integral function 1\2
Z(312tp) = {(32)F (3/2t) =Sp_n 32 ™ with a(T)=—[2x(0,0]* 1—(—3) 1 (19)
=gugH/kgT allows for the energy gap in the spin-wave Te

spectrum introduced bk, and the anisotropy fields. ) .
In the intermediate range of temperatures and for tem- b=[2x(0,0M=(0,0] ", (20

peratures close ¢, spin-wave contribution is completely where x(0,0) is the zero-field differential susceptibility at

masked by the one arising from nonpropagating spin fluctua(-) K and Tg is the Stoner Curie temperature. The final out-

tions (SP). In this temperature range, Eq&)~(7) can be come of this exercise is that the coefficiea{sT) andb of

solved for the contribution due to TE spin fluctuations, i.e., )
(m?)IE, by using the so-called classical approximation. Thisthe Stoner MES get renormalizécand M(T,H) takes the

approximation implies that each mode,(q) for q<qc is forms

thermally excited such that the Bose function, &), can be M(T,00=M(0,0)— gugl(3/2)[kgT/AmDYT,01%2
approximated bykgT/%w for those values ofv for which

Imxv(ﬁ,w) makes appreciable contribution to the integral H=0 (218

over w in Eqg. (1). Such an approximation leads to the result
M(T,H)=M(0H)—gusZ(3/2,ty)[ ke T/47DYNT,H)1%?,
kgT

2
2w°c,

(m2)E= [9c5— K, tan 1 (alk,)] (13 H#0 (21b)

TE at low temperatures,

with g F=q.=q.(T,H). Equation(13) reduces t&’
M(T,H)=M(OH)[1— (T/T*)°—(TIT)*3¥2 (22

kgT
(m? £E=<% X(0)g3 (14  where
6w
2 2
1 1 1\?
and = == +(—), (23
0 T* T2 To
(m2)TE= kT (%) 1_ [ 9He 112
VSF2q2) Ve, )| T 20| DSF o 1 [ kg |[3x(0)+2x,(0)
v Ty =— (24)
1 6m?\ 1 7.Cy M2(0,0)
— [ ey (19
9c\ Dy a5 (3+6Ina,,—81-r)
= |
at intermediate temperatures and for temperatures close to 27 24m
Tc (T=T¢) but outside the critical region, respectively. In Ko\ 413
Eq. (15, DSF=gugM(T,H)c, is the so-called spin- x(ﬁ—yy)lm[M(oyo)]Z(_B) (25)
fluctuation stiffness. The temperature- and field-dependent Cy

cutoff wave vectorg. appearing in Eqs(8), (9), (14), and

AR o8 at intermediate temperatures, and
(15) is given by"

M(T,H)=M(OH)[1—(T/T2)2—A(H)T*3¥2,  (26)

(16 with

keT |13 X3
arn-lzig] (e

with A(H)=A(H=0)[1— 5VH], (27)
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5(1+2Ina,+8m) determined by methods such as x-ray fluorescence, induc-
A(H=0)=(TFH) 4= - hy,) 13 tively coupled plasma, and optical emission spectroscopy. Ni
1613 (Al) composition in at. % varied in the range 7425.3 to
43 75.0(25.0 over the entire length of the rod. The portion of
X[M(O,O)]Z(E) , (28) the NiAl rod whose co_mpositiorj did not d_e_viate_more than
C, 0.01 at. % from the stoichiometric composition; bl ,5 was

selected, sphericdB mm in diameterand disc shapedl0

472 keT | Y3 gug ™ mm in diameter and 5 mm in thicknéssamples were spark
=112 Ina +8 (ﬁ c ) SF (29 cut from it and annealed at 520°C for 16 days in quartz
v OTARY by D, tubes evacuated to a pressure of 1Qorr. Spherical and

for temperatures close . (T<Tc) but outside the critical 4iSc-shaped samples were used for magnetic and x-ray-
diffraction measurements, respectively. The observed x-ray

region. Eq.uat|0n$222) and(2§) are valid f.o.r botkj—; _.0 and patterns could be completely indexed on the basis of the
H#0. While theT” term (with the coefficientT, ) in EQ.  opic structure with lattice constaat=3.564(2) A . This
(22) originates from thermallx;xuted nonpropagating spiNjattice parameter value is in excellent agreement with that
fluctuations and its coefficieflt; © depends o through the  [3=3.565(5) A] reported®® in the literature. From the
field dependence of,(0), theT** term is a net outcome of observed integrated intensities and| s of the (200 funda-

the competing claims made by the thermally excité&)  mental(F) fcc-type and(100) superstructuréS) CusAu-type
and zero-point(ZP) components of spin fluctuationshe  Bragg reflection peaks, long-range order param&evas
former contribution decreases wifh as T%® whereas the estimated using the reIaticﬂS\Z:(Is/IF)sammex(lF/I;{S:l,
latter one dominates over the former and increases Wik~ where (/lg)s_; is the corresponding intensity rattofor
T3 and its coefficien; “*is essentially field independent. fully ordered NiAl sample. For the NjAl sample used for
Due to the competition between ZP and TE components, th#e present investigation, we obte# 0.551).

T2 term accounts, in the most part, fisk(T,H) but the con- MagnetizationM of the Ni;Al sample(spherical in shape
tribution of theT*3 term is not so small as to warrant its total Was measured as a function of external magnetic Figld in
neglect. By contrast, th&*3 term in Eq.(26) is a direct fields up to 15 kOg70 kOe€ at fixed temperaturegat T

consequence of the additive TE and ZP spin-fluctuation con=2_K), =0.5, 0.2, 0.1, and 0.05 K apart in the ranges
tributions, both of which increase witi as T#3 for T ~ 14./<1=40.4 K, 40.4T<50 K, 50<T<515 K, and

N : 51.5=T=<58.5 K, respectively, on EG&G Princeton Applied
<Tc, but the TE contribution now dominates over the ZP o
one. Moreover, the coefficiedt(H) of this term depends on E‘?[egzzhnxg%tgg iasmupfrmﬁgﬂi:%mdtﬁim&rﬁg?e% Sr;ance
the field in accordance with the relatig@7) and the field 9 P 94

; ) . . device (SQUID) magnetometer MPMS7 Each M —H,;
;jlsgﬁjr;?ii?;ebzﬁls entirely due to the suppression of TE spin isotherm(the isotherm at 5 Kwas obtained by measurind

: . . . at 60(180 predetermined fixed field values in the range 0
The calculations, briefly outlined above and whose details_ =15 kOe (O=H,, <70 kOe). Magnetization was
~lext™ ext™ "

are given in Ref. 28, go beyond the conventional SF theorieg s, measured as a function of temperature in the interval
in that they(i) bring out clearly the role of zero-point spin 14<T<g0 K (5=T=<100 K) at fixed values ofH,,, (at
fluctuations in affecting the functional dependences of mag —1 kOe), 0.5 kOe apart, in the interval &5
netization on temperature and field, predict an additional gejt kOe on \}SM(SQUID) The' “in-field” magnetizatigxr:
contribution toM(T,H) at intermediate temperatures which ; o - M(T) at fixed Hoy and denoted bW (T, He,), data

varies withT asT** but does not depend.on the fiett iii) were taken at the temperature steps of 0.25 and 0.5 K in the
demonstrate that at all temperatures, field suppresses th%’mperature ranges #4T<50.5 K and 50.5T=<80 K, re-

mally excited spin fluctuations but has little, or even no,gneqtively. The temperaturield) stability was better than
effect on zero-point spin fluctuations, afig) quantify the +5 mK (+10e) for the VSM data and+10 mK

suppression of TE spin fluctuations with magnetic field in the, 1 for th D In th )
form of Eqs.(26), (27), and(29) for T=Te. (£1 Oe) for the SQUID data. In the present case, magne

tization was measured to a relative accuracy of 50 gfm
ppm using VSM (SQUID) magnetometer. Thé versus

ll. EXPERIMENTAL DETAILS H,., isotherms were converted into a form that gives the
Ultra-high-purity (99.999 nickel and aluminum taken in magnetization as a function of temperature at 60 different but

stoichiometric proportions by weight were molten together inﬂxedvalues OfH ey in the interval 0.3<He <15 kOe. Such

a recrystallized alumina crucible under an inert atmos hergatf’31 are henceforth referred t,o as the “in-fieldso) mag-
providid by high-purity(99.999 argon gas by radio frF:a— netization data and labeled &5 (T,H¢,y). The demagnetiz-

uency induction technique. After holding the melt for aing factorN was compu_ted fr(_)m th_e slope of the magnetiza-
d y g 9 tion versus Hg,, straight line [i.e., 4mN=(slope) }]

couple of minutes in the crucible, it was poured into a cylin-. h tak 1 t | belew in the field
drical hole in a massive copper mold. The entire operatior\SO erms taken at temperatures well belog/in the ne

from melting to pouring was carried out under argon pres_range—20§Hext<20 Oe. The v_alueN, S0 pbtamed, was
sure of>1 atm. Polycrystalline NAI was thus prepared in us_ed FO arrive at the effe_ctlve fieH experienced by the
the rod (10 mm in diameter and 100 mm in lengtform. ~ SPNS N the NjAl sample, i.e.H=Hex— 47NM(T,Hex).
Several discs of 5 mm thickness were spark cut from such a
rod and characterized by x-ray-diffraction and scanning elec-
tron microscopic techniques. The chemical composition of [M(T,H)]? versusH/M(T,H) (Arrott) plots at different
samples taken from various sections along the rod length waemperatures, based on the magnetic equation of state, Eq.

IV. DATA ANALYSIS, RESULTS, AND DISCUSSION
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FIG. 1. The upper part of the figure comparesMheersusH .,
isotherm taken at 5 Kthe SQUID data with the values ofM at
T=0 deduced from the fits, based on E8lb) of the text, to the
M(T) data taken at different values Bff,,;. The lower part shows
the magnetization &=5 K measured in fieldsH,, up to 70 kOe
plotted in the form of the Arrott plot, i.e[M(T=5 K,H)]? versus
H/M(T=5 K,H) plot.

(18), and constructed out of the rai (T,H.,,) data, are
displayed in the bottom panel of Fig.(BQUID data atT

=5 K) and Fig. 2(VSM data atT=14.7 K). Spontaneous
magnetization at different temperatutdg T,0) is computed
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FIG. 2. [M(T,H)]? versusH/M(T,H) isotherms at a few rep-
resentative temperatures. Note that the linear isothermi=al ¢
=56.4 K passes through the origin.
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FIG. 3. Spontaneous magnetizatigi{(T,0) and in-field magne-
tization M (T,He,9, as functions of temperature.

from the intercepts on the ordinate obtained by extrapolating
the linear high-field portions of the Arrott plot isotherms to
H=0, as shown in Figs. 1 and 2. Ti(T,0) data, so ob-
tained, together with the in-field magnetization data at a few
selected values dfi.,; in the interval I=<H.,<4 kOe, are
depicted in Fig. 3. TheM —H,,; isotherm atT=5 K mea-
sured on SQUID magnetometer in fields up to 70 kOe, when
converted into the Arrott isotherm shown in the bottom panel
of Fig. 1, yields the valueM (T=5 K,0)=46.75(12) G or
0.0766(2)g/Ni atom andy(T=5 K,0)=3.56(30)x 10" *

for the spontaneous magnetization or magnetic moment per
nickel atom and zero-field differential susceptibility at 5 K.
These magnitudes are in excellent agreement with those
reported>1%! previously. From the Arrott plot shown in
Fig. 2, we obtain the Curie temperature for the present
sample a§ -=56.45(5) K[i.e., the temperature at which the
linear M2 vs H/M isotherm passes through the origin or
alternatively, the temperature at whith(T,0) goes to zero,
Fig. 3]. This value agrees quite well with that obtained by the
“kink-point” method but is substantially higher than the
published?1%tvalues.

In view of the conflicting reporfs®*%about the tempera-
ture dependence & (T,0) at low and intermediate tempera-
tures in N;Al (see Introductio)) the magnetization data are
analyzed in terms of the expressions predicted by the Stoner-
Wohlfarth (SWO) model*?13 conventional spin fluctuation
(CSP theoried* 2 and the modified spin fluctuatiotMSF)
modef”?8briefly outlined in Sec. Il. Before embarking upon
such an analysis, the relevant expressions for magnetization
yielded by such theories are given below. According to the
SWO model, magnetization for both=0 andH+#0 in the
entire temperature range<Or <T is given by21331

[M(T,H)lswo=M(0OH)[1—a(H)T?]
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with T (K)

N
I~
+4 O
@]

a(H=0)=(T2) 2 (30)

By contrast, CSF and MSF theories predict different ex-
pressions for magnetization in different temperature regions.

For instance, magnetization is described, by Eg%a and
(21b) at low temperatures, by the expressi6ré
[M(T,H)lcse=M(OH)[1—-a'(H)T?1¥2 (31

[M(T,H)use=M(OH)[1—A’(H)T2— A"T43]1/2
(32)

[cf. Eq. (32) with Egs. (22)—(25)] at intermediate tempera-
tures and by

[M(T,H)]cse=M(OH)[1—a"(H)T*3¥2  (33)

[M(T,H)Imse=M(OH)[1-AH)T*|*?  (34)

[cf. Eq. (34) with Egs.(26)—(29)] for temperatures close to
Tc(T=<T¢) and yet away from criticality. Note that Egs.
(32) and (34) are valid for bothH#0 andH=0 whereas
Egs.(31) and(33) hold for H=0 only. Moreover, the coef-
ficients of theT** terms in Eqs(33) and(34) for H=0 are
completely different; i.e.a”(0)#A(H=0).

TheM(T,H), M’(T,H) andM(T,0) data have been ana-
lyzed in terms of Eqs(213, (21b) and (30)—(34) using the

07 [1=(Mr/Mero)]

FIG. 4. The upper part of the figure depicts temperature varia-
tion of magnetization measuredHt,,= 1 kOe at low temperatures
and the continuous curve through the data poiofgen circleg is
the best least-squaré€kS) fit based on Eq(21b) of the text. The
lower part displays the percentage deviation of the data from the LS
fits based on Eq.21b) (closed circles Eq.(30) (open circleg and
Eq. (31) (crossej of the text.

“range-of-fit” (ROP analysis. In this type of analysis, the M —T%2 fit continue to remain evenly distributed but in-
values of free fitting parameters and the quality of the fits arerease steadily to reach0.005% atT,,,,=16 K with mar-

continuously monitored as the temperature inteivgl,<T

ginal change in the values of fitting paramet®t$0,H) and

<Tmnax IS progressively narrowed down by keeping D whereas they are systematic in nature and grow very fast

Tmin(Tmay fixed at a given value and loweringaising
Tmad Tmin) towards Tin(Thmad. The details about this
method of analysis are given elsewh&e® In the absence
of the spontaneous and “in-field(VSM) magnetization data
for T<14 K, the ROF analysis of th&l (T,H) SQUID data
taken atH.,;=1 kOe(that extend down to 5 Kin the low-
temperature region has been attempted based on(&ds.
(21b), and (31). In this analysisM(0,H) anda(H) in Eqg.
(30), M(0,H) and spin-wave stiffnes®=D5"in Eq. (21b),
andM(0,H) anda’(H) in Eg. (31) are treated as free fitting

for Trhax>16 K and lead to a steep fdlhcreasgin the value

of D (M(OH)). The latter observation encouraged us to at-
temptM — T%2 fits to “in-field” (0.5<H,,~<4.0 kOe) and
in-field (iso) (0.5<H.,=15 kOe) magnetization data as
well as to theM (T,0) data based on EqR1b) and (213 in

the temperature range (¥4 <16 K). The range-of-fit
analysis of theM (T,0) andM(T,H) data in whichM (0,0)

or M(OH) or M’(0,H) andD are varied to optimize agree-
ment between theory and experiment revealed thaEgs.
(218 and(21b) provide the best description of the data for

parameters. The final outcome of this exercise is that EqT<16 K=0.28T: [continuous curves in the inset of Fig.
(21b reproduces in facsimile the observed temperature des(b)], (i) spin-wave stiffness possesses the valDe

pendence of magnetization in the temperature intereal5
<13 K. The best least-squaré€kS) fit to the data(open
circles in this temperature range, based on Exi.b), yields

=69.6(4) meV A? regardless of the magnitude of field in
the interval G=H.,=<15 kOe, and(iii) the M(0O,H,y val-
ues yielded by the best LS fits conform very welpper part

D=69.6 meVA? and is depicted in the upper part of Fig. 4 of Fig. 1) with the M(T,H,,, values measured on SQUID
by the continuous curve. The lower part of Fig. 4 shows themagnetometer at =5 K. Moreover, the modified versions
percentage deviation of the data from the best LS fits baseof Egs. (218 and(21b), that take into account the tempera-

on Eq.(30) (open circleg Eq. (21b) (solid circles and Eq.
(31) (crossepin the temperature intervalST<13 K. It is

ture renormalization oD, when used for the analysis, did
not bring forth any improvement in the quality of fits. Con-

evident from this figure that the percentage deviation of thesidering the variation in the value @ not only for a given

M(T,H) data from the bes¥l — T*2 fit, based on Eq(21b),

data set but also from one set to the other as the temperature

does not exceed 0.003 and is evenly distributed around the range of the fit is changed, we quote the final vale

theoretically calculated values whereas the optimivn
—T? andM?—T? fits, based on Eqg30) and(31), respec-

tively, present systematic deviations from the data in queseompares

tion that are, in both the cases, as larget&s08%. Another
important observation is that ,,;, is fixed at 5 K andl ;4

=69.6(14) meV A? in the temperature interval 0.09<T
=<0.28T ¢ with conservative assignment of errors. This value
favorably ~with D=70(20) meVA? [D
=85(15) meV A?] determined in the temperature range 5
<T<15 K (at T=20.4 K from small-angle neutron-

is increased beyond 13 K, the deviations of the data from thecattering® (inelastic neutron-scatterifi data. From a de-
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FIG. 5. Temperature variation of in-field magnetizatié®, M (T,H,=1 kOs¢, (b) M(T,H), and(c) M'(T,H), at a few selected but
fixed values ofH in the intermediate range of temperatures. Rertof the figure, in addition, depicts the temperature dependence of
spontaneous magnetizatidh(T,0) in this temperature range. The continuous curves througMifieH) data(open circlesandM(T,0)
data(crossegrepresent the best least-squares fits based ofi3Bgof the text. Lower panel of Fig.(8) displays the percentage deviation
of theM(T,H.,=1 kOe) SQUID data from the fits based on E2{Lb) (open circle Eq.(30) (open triangles Eq.(31) (crossey and Eq.

(32) (closed circley of the text. Inset of Fig. ®) shows the least-squares fitontinuous curvesbased on Eq(21b) to theM(T,H) data
taken at various fixed values #&f.

tailed comparison between the different types of theoreticaM’(T,H), andM(T,0) data at intermediate temperatures and
fits to the magnetization datéFig. 4 and the agreement for T<T. based on Eq9214 and(30)—(34) yields a num-
between the values of spin-wave stiffness determined by difeer of important results. In the intermediate range of tem-
ferent experimental techniques, we conclude that spin-wavperatures, the main observations are as follgW<Qut of all
excitations dominantly contribute to the thermal demagnetithe theoretical expressions considered, 8%) alone pro-
zation of both spontaneous as well as in-field magnetizationides the best LS fitdepicted by the continuous curves in
for temperature3 <0.28T:. Fig. 5 to the magnetization data at all fields includikh
An exhaustive range-of-fit analysis of th®l(T,H), =0 in the temperature range 18 ¥(0.32T)<T=<28 K
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the present case, possesses a value that is exactly one order
of magnitude larger than thatr=1.2(2)x 10" % Oe ] de-
termined earlief* for fcc Fe-Ni weak itinerant-electron fer-
romagnets in the field ranges8BH=<52.7 kOe. In confor-
mity with the predictions of the MSF mod#, at
intermediate temperatures, the thermally excited spin fluc-
tuations, which manifest themselves as fifeterm in Egs.
(22) or (32), dominantly contribute to the thermal demagne-
L S tization of M(T,0) andM(T,H) and get strongly suppressed
0 2 4 6 8 1012 14 16 18 by magnetic field Eq. (35 and Fig. § whereas the zero-
ko (kOe) point spin fluctuations which are mainly responsible for the
T*3term in Eqs(22) or (32), make a significant contribution
FIG. 6. Field dependence of the coefficieht(H) of the T2 to the decline oM (T,0) andM(T,H) with increasing tem-
term appearing in Eq32) of the text. The straight lines through the perature and are not affected by the field. However, this
data(open circlesrepresent the least-squares fits based o).  model, like the conventional spin-fluctuation theories, does
of the text. Upward arrow indicates the fidttf at which an abrupt not offer any explanation for the linear field dependence of

change in the slope occurs. Note that the vertical error bars are of, .
the size of the data symbols wherever they are not specified but ﬂ% and an abrupt decreagey a factor of 2 in the value of

*
horizontal error bars are extremely smatil Oe compared to the sﬁopea atH*=8 kOe. ) . .
data symbol size. Notice that the straight line for fieldssH*, For temperatures below¢ but just outside the critical

when extrapolated t61=0, yields a value foA’ atH=0 thatis  region (T=Tc), the following observations have been made
equal to the valud’(H=0)=3.12(2)x 10" * K2 (closed circl¢  based on the range-of-fit analysis of the magnetization data
which is directly determined from the spontaneous magnetizationn terms of the expressions given by E¢@13, (21b), (26),
data. and(30)—(34). The observed temperature variation of spon-
taneous magnetization as well as in-field magnetization at
(=0.5T¢), as is evident from the typical percentage devia-such temperatures is best described by Ef6), (33), or
tion plot shown in the lower part of Fig.(&. (Il) The lower  (34), as is clearly noticed not only from the percentage de-
and upper limits of the temperature range over which Eqviation plot displayed in the bottom part of Fig(ay (which
(32) completely accounts for the observed temperature des representative of similar plots at other valuesdpinclud-
pendence oM do not exhibit any systematic variation with ing H=0, as wel) but also from the data presented in Fig.
H. (Ill) Since, irrespective of the value bf, a strong corre-  7(h). The temperature range over whickl?(T,H) or
lation was observed in the values of the Coefﬁciehtsand MZ(T’O) Varies W|th temperature a’g‘/g broadens Wh||e the
A" when all the three paramete(0,H), A’, andA” were  sjope A(H) of the M2(T,H) versusT*? straight lines[cf.
varied to arrive at the optimum fit to the data based on Eqggs (34) and(26)] decreases ds increases. The variation of
(32), A” (or A") was kept fixed at a given value while the a4 coefficient AH) of the T#3 term in Eqs.(26) or (34) with
remaining two parameters were optimized. This procedure;_| is depicted in Fig. 8 wherein is plotted againsH and
was repeated for other fixed values Af (or A’) until a H2 Figure 8 demonstrates that tA¢H) data obey Eq(27)

global minimum in the sum of the deviation squares wa . :
obtained. Such a fitting method unambiguously demonstrattsetg a very high degree of accuracy and that the best |east

that A”=7.27(3)x 10 * K~*? for the values oH ranging sfuares fit to thé(H) andA(\/ﬁ) data based_ on I_on27),
between 0 and 14.75 kOe whereAs varies with H as represented by the continuous curve and straight line, respec-
shown in Fig. 6. A linear relation betweeX andH of the tively, y_ield exactly the same valu_e @f(H_: 0) upon ex-
type trapolation to H=0 as that obtained directly from the
M?(T,0) versusT*? plot [Fig. 7(c)]. According to the MSF
A'(H)=A'(H=0)(1—aH) (35)  model?® the termsT? and T** in Eq. (26) originate from
Stoner single-particle excitations and thermally-excit€l)
and an abrupt change in slope &) at H* =8 kOe is evi-  plus zero-poin{ZP) spin fluctuations, respectively, and that
dent from this figure. The least-squares fits, based on Eghe TE spin-fluctuation contribution to the coefficiefa¢(H
(35), attempted to th&'(H) data and shown in Fig. 6 by the =0) dominates over that arising from ZP spin fluctuations in
straight lines yield the values of the slope @s-2.12(13) the temperature range in questi®ec. I). In view of this
x107° Oe ! and «=1.05(10)x10 ° Oe ! in the field genesis of thél? and T* terms, the experimental observa-
ranges &=H=<8 kOe and &H=<14.75 kOe, respectively. tion that the percentage deviation has #zmevalue [Fig.
A linear field dependence of the coefficient of fifeterm[in  7(a)] for the fits that either includgEq. (26)] or excludeg Eq.
the expression foM(T,H)] of the form Eq.(35) has also (34)] the T? term asserts that the overwhelmingly large spin-
been previously observétin fcc Fe-Ni Invar alloys with Ni ~ fluctuation contribution completely swamps the feeble con-
concentration in at. % as 34.2, 35.4, and 37.0 in the intermetibution to M(T,0) or M(T,H) arising from Stoner single-
diate temperature range. These alloys too exhibit wealparticle excitations. The relative importance of spin
itinerant-electron ferromagnetism. While the present value ofluctuations and single-particle excitations could not be as-
A’(H=0)=3.12(2)x10 % K2 (Fig. 6) compares well certained at intermediate temperatures because in this tem-
with the previously reportéd value of 3.9 104 K 2for  perature regime, both the types of excitations, give contribu-
ordered NjAl, the coefficient(slope « for H=8 kOe, in  tions toM(T,0) andM(T,H) that vary with temperature as
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FIG. 7. Temperature variation of in-field magnetizatié®, M (T,H.,=1 kO#e, (b) M(T,H), and(c) M'(T,H), at a few selected but
fixed values ofH for temperatures in the range 28 <54 K. Part(c) of the figure, in addition, depicts the temperature dependence of
spontaneous magnetization in this temperature range. The continuous curve and straight lines represent the best least-squares its to the
M(T,H) data(open circlesandM(T,0) data(crossesbased on Eq(34) of the text. The lower panel of Fig.(&) displays the percentage
deviation of theM (T,H.,=1 kOe SQUID data from the fits based on E§0) (open trianglel Eqg.(31) (open circleg, Eq.(26) (crossep
and Eq.(34) (closed circlesof the text.
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T2 [Egs. (22) and (23)]. That Stoner single-particle excita- thermally excited spin fluctuatiorfsince they are solely re-
tions decrease magnetization with increasing temperature aponsible for theH*? term in Eq.(27); see Sec. llat weak

a rate which is extremely slow compared to that due to spirand intermediate fields in weak itinerant-electron ferromag-
fluctuations has also been previously infeffédfrom band-  nets regardless of whether they are crystalline or amorphous
structure calculations and the results of de Haas-Van Alpheand unlike the previous expressitht®based on the elctron-
effect measurements on dl. The observation thaA(H) gas model, involves only singlefitting parametem because
~HY2for fields in the range &H=<15 kOe was previously the value ofA(H=0) can be obtained directly from the
made by u$"3®on amorphous weak itinerant-electron ferro- spontaneous magnetization data. Moreover, the presently de-
magnets as well. Thus ER7) quantifies the suppression of termined value ofA(H=0)=4.65(3)x10 % K %3 yields
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4 (kOe) nonpropagating spin fluctuations for temperatures ranging
i 22 4 6 81010271516 12 from 0.32T¢ to 0.92T . Recognizing the fact that nonpropa-
45 o gating spin fluctuations show up as a central elastic peak at
; 4.4 . AE=0 whereas spin waves give rise to peaka&+0 in
<2 the constangt INS spectra taken at different temperatures,
20 spin fluctuations can easily evade detection in such spectra if
3.8 the instrumental resolution is not high enough, which seems
= 36 f to be the case with the reporfédNS spectra.
3.2 T | *‘%\
30 T T a0 e0 20 100 120 140 V. SUMMARY AND CONCLUSION
H1/2 (Oew/2>

Extensive high-resolution magnetizatiorM (T,Hgyy),
FIG. 8. Field dependence of the coefficiehtH) of the T#3 ~ Measurements were performed on well-characterizg@lINi

term appearing in Eq34) of the text. The continuous curve or the Polycrystalline sample at temperatures in the range 14
straight line represents the least-squares fit toifid) data(open <80 K (5<T=<100 K) in fields up to 15 kOe(at Hey
squaresor A(yH) data(open circlesbased on Eq27) of the text. =1 kOe) as well as at 5 K in fields up to 70 kOe. We
Notice that these fits, when extrapolatedHe-0, yield a value for ~ obtain the values for the spontaneous magnetization at 5 K,
A at H=0 that exactly coincides with thgtA(H=0)=4.65(3) M (T=5 K,0)=46.75(12) G or magnetic moment per Ni
x107% K™*?] (closed circle or squayedirectly determined from  atom = 0.0766(2)xg/Ni atom, the zero-field differential
the spf)oEtaneousfmhaggetizationbd?ta. Elote thatr:he vertical e”or_?a&lsceptibility at 5 K,y(T=5 K,0)=3.56(30)x10"* and
are of the size of the data symbols wherever they are not specifi : _ :
but the horizontal error bars )z/are extremely sniall )C/)e) comparrt)ed eﬁe C_u”e temperaturTéE— 56.45(5) K While the values of
o the data symbol size. _(T—5 K,0) andy(T=5 K,Q) are in excellent agreement
with those reportel? % previously for ordered NAI, the

the value for the Curie temperature B =56.2(3) K when  Value of T is substantially higher than the publishéd®1!

the relationTSF=[A(H=0)] 34 [Eq. (28)] is used. This VvalueTc=41(1) K. _ _ o _

value is quite close to the valuB.=56.45(5) K obtained An elaborate range-of-fit analysis of the in-field magneti-

from the Arrott plot(Fig. 2). This finding implies that, bar- ZationM(T,H) and spontaneous magnetizati{T,0) data

ring the |Ow_temperature regi(im/here Spin waves govern based on the expl’eSSionS fOI‘ these quantities given by the

M(T,O)], the temperature dependence of spontaneous magecent theoretical Ca'CU'atiO%?SZS in different temperature

netization is primarily determined by the enhanced spinfanges reveals the following.

density fluctuations and that Stoner single-particle excita- (i) Spin-wave excitations almost entirely account for the

tions have a negligible role to play i (T,0) of NisAl observed thermal demagnetization of spontaneous as well as
Finally, as shown below, the present results facilitate then-field magnetization at low temperaturés 0.28T . Spin-

rationalization of the previous seemingly contradictory no-wave stiffness possesses a field-independent value of

tions about the nature of low-lying magnetic excitations in69.6(14) meV A? which conforms well with the values di-

NisAl based on distinctly different temperature variationsrectly determined from small-angle neutron-scattering and

observed for spontaneous magnetization in the same or simelastic neutron-scattering experiments previously.

lar temperature ranges and the results of SANS and INS (jj) Enhanced fluctuations in local magnetization manifest

experimentgfor details, see IntroductionOur results dem-  themselves iV (T,0) andM(T,H) through a contribution

onstrate that the relationdv(T,0)=M(0,0)—aT? and that varies with temperature as(T,H)=M(0H)[1

M2(T,0)=M?(0,0)—a’T? describe the magnetization data CA(H)T2— ATT4R]12 and M (T.H)=M(0H)[1

equally well even though the data present systematic devia- 5 (1) 743112 for temperatures in the ’ranges OT,%%T

Lons f foughy I ame magride o e 1= S8 O 50 and 05T =T <0077, respectuey. At trese

gs. g temperatures (0.32<T=<0.92T¢), this contribution to

precision in the measurement of magnetization than achieve .
hitherto is required to establish the actual functional form of. (T.0) andM(T,H) completely overshadows the one aris-

M(T,0) andM(T,H) in different temperature ranges, and IN9 from spin waves. Thelcoefflmem” does not depend on
hence the exact nature of magnetic excitations that dominatd While the coefficientsA’(H) and A(H) vary with H in

in those temperature regions. Next, we address ourselves gscordance with the relationd’(H)=A(H=0)(1-aH)

the apparent discrepancy between the results of previond A(H)=A(H=0)(1-7\H). An abrupt change in the
SANS and INS experiments and those of the present magn&alue of the sloper is observed aH* =8 kOe. These rela-
tization measurements. To elucidate this point further, irtions quantify the suppression of thermally excit@€) spin
sharp contrast with the claim made by Bernhoeft andluctuations by magnetic field whereas magnetic field has
co-workeré*?® that spin-wave excitations completely ac- little, or even no, influence on zero-poif&ZP) spin fluctua-
count for the temperature dependence of SANS and INS intions. Of the two components ZP and TE of spin fluctuations,
tensity in the temperature range UgksT=<0.8T, the re- TE spin fluctuations basically dictate the temperature depen-
sults of present investigation show that spin waves enjoylence ofM(T,0) andM(T,H) at intermediate temperatures
overwhelming presence only for temperatures in the rangand for temperatures just outside the critical region but be-
0.09T-<T=0.28T and are completely overshadowed by low T¢.
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